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We study NSR strings in the Nappi-Witten background, which is the Penrose limit of
a certain NS5-brane supergravity solution. We solve the theory in the light-cone gauge,
obtaining the spectrum, which is space-time supersymmetric. In light of the LST/NS5-brane
duality, this spectrum should be in correspondence with the states of little string theory in the
appropriate limit. A semiclassical analysis verifies that the relationship between energy and
angular momentum, after a field redefinition, matches the known result for a flat background.
I. INTRODUCTION
Of recent interest have been consistent six-dimensional non-local theories which do not contain
gravity, but which exhibit stringy properties such as T-duality and a Hagedorn density of states [1].
These so-called Little String Theories (LSTs) [2, 3, 4, 5] are thus interesting examples of theories
which are ‘in-between’ field theories and string theories, and are expected to shed light on both
the interpretation of non-local field theory and string theory. A recent and very complete review
of all the main points of little string theories has been given in [6]. We here mention a few basic
properties; for further detail the reader is referred to that review and references therein.
Generically, little string theory is defined by first considering some background of NS5-branes
in type-II string theory. Taking a limit in which the string coupling gs goes to zero while the string
mass Ms is held fixed leads to a free theory in the bulk, decoupled from a theory living on each
NS5-brane; this is the LST [7, 8]. The string scale Ms = 1/ls is the only defining parameter for
the LST, and is important in the following way. NS5-branes are obtained from M-theory 5-branes
by compactifying on a transverse circle S1. The resultant string theory with NS5-branes exhibits
T-duality with respect to this circle, and an NS5-brane wrapping the circle of radius R will map
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2in the dual theory to an NS5-brane wrapping a circle of radius 1/RM2s . Now, from either of these
theories can be defined a little string theory by taking the limit mentioned above, and the LST
will inherit the T-duality from the string theory. This is an indication that the resulting theory
will be non-local on the scale of Ms, and it is somewhat surprising that a non-gravitational theory
can exhibit such T-duality.
In type-II theories, NS5-brane solutions break half of the supersymmetry. Ten-dimensional
supersymmetry, dimensionally reduced to a six dimensional world-volume, will result in a chiral
theory with (2, 2) supersymmetry. The NS5-brane solution may break this in either of two ways,
resulting in either (2, 0) or (1, 1) supersymmetry for type IIA or IIB string theory, respectively.
Considering N NS5-branes, at low energies LST must reduce to a superconformal (2, 0) theory on
N M5-branes for the first case, or a (1, 1) U(N) gauge theory in the second, with GYM = 1/Ms.
LST has a holographic description [9], which turns out to be useful for explicit computations of,
for instance, the spectrum and the density of states. This description involves first considering a
background of M5-branes, in the so-called linear dilaton form,[9] in which gs goes as the exponential
of some coordinate φ. φ → ∞ is then the ‘boundary,’ where the limit gs → 0 obtains, and a
holographic LST may be constructed in this way. In particular, the string theory may be used to
calculate the spectrum of states in the LST, and, for example, correlation functions in the (2, 0)
LST may be obtained from supergravity.
Although many theories are expected to be holographic, the AdS/CFT correspondence is still
the most tested and trusted example. String theory on AdS5 × S5 is dual to d = 4, N = 4
SYM theory. Taking the Penrose limit of the ‘left-hand side’ of this duality is equivalent to
selecting a specific sector of large-dimension and large-charge operators in the SYM theory [10].
In the present case, string theory on an NS5-brane background corresponds to LST on the NS5-
brane worldvolume. Generally it is not possible to solve string theory exactly in an NS5-brane
background, but solubility obtains in the pp-wave limit. It was first identified in [11] that taking a
Penrose limit in this case will reduce the NS5-brane metric to the Nappi-Witten form [12, 13, 14, 15],
and this in turn corresponds to the high-energy sector of the LST [16, 17].
With this correspondence in mind, we wish in the present paper to consider type-II string theory
in the Nappi-Witten background. The bosonic case has been analysed in detail in [18], and we here
treat the full supersymmetric theory. In light-cone gauge, the theory is found to be completely
soluble, and the Hamiltonian is calculated, giving the spectrum. The high-energy sector of the LST
corresponding to the parent theory on the NS5-brane metric is expected to share this spectrum.
In particular, this means that at least this sector of the LST must be supersymmetric.
3In the following section, we summarise some aspects of the NS5-brane geometry of interest and
its pp-wave limit. In section III we perform the above computations and obtain the spectrum.
In section V, we compare the resulting energy-spin relation with that obtained by semi-classical
methods along the lines of [19].
II. TYPE IIA NS5-BRANE BACKGROUND AND PP-WAVE LIMIT
In this section, we briefly review some important aspects of NS5-brane background geometries.
For further detail, in the context of little string theory, the reader is referred to the comprehensive
review [6]. As we mentioned, the type IIA NS5-brane background may be described as an M-theory
5-brane transversely compactified on S1. From [9, 20], we see that the supergravity background
corresponding to N coincident extremal M5-branes is
ds2 = H−1/3
[
dx26 +H
(
dx211 + dr
2 + r2dΩ23
)]
(1)
with
H = 1 +
∞∑
n=−∞
Nl3p[
r2 + (x11 − nR11)2
]3/2 , (2)
where the 11th dimension is the compact S1 with radius R11, and lp is the 11-dimensional Planck
length. Defining new scaled coordinates by
U = r/l3p, y11 = x11/l
3
p, R11 = l
3
p/l
2
s , (3)
the metric becomes
ds2 = l2pH˜
−1/3
[
dx26 + H˜
(
dy211 + dU
2 + U2dΩ23
)]
(4)
with
H˜ = l6p +
∞∑
n=−∞
N[
U2 + (y11 − n/l2s)2
]3/2 , (5)
where ls ∼ 1ms is the ‘coupling constant’ for the theory on the brane, which is decoupled from the
bulk theory.
For U ≪ 1
l2s
, the summation in eqn.(5) may be approximated by the n = 0 term; in this case the
metric (4) assumes the form of AdS7 × S4. on which string theory is dual to the six-dimensional
(2,0) SCFT. [9]
4Conversely, for U ≫ 1
l2s
, the summation in eqn.(5) effectively becomes an integration [8, 9].
The metric of N coincident extremal NS5-branes is then obtained; (up to a conformal factor and
without the dy211 term)
ds2str = dx
2
6 +A (U)
(
dU2 + U2dΩ23
)
, (6)
e2Φ = g2sA (U) (7)
with
A (U) = l6p +
Nl2s
U2
. (8)
We see that the energy scale
√
Nls is important here. The background possesses an asymptotically
flat region U ≫
√
Nls
l3p
connected to a semi-infinite flat tube 1
l2s
≪ U ≪
√
Nls
l3p
, with the topology of
R
+ × S3 × R6. In this case, rather than a SCFT, the limiting theory on the brane will be little
string theory [9].
We now turn our attention to the pp-wave limit of the above geometry. The near-horizon limit
of the NS5-brane metric (6) can be written in the linear dilaton form
ds2str = Nl
2
s
(
−dt˜2 + cos2 θdψ2 + dθ2 + sin2 θdφ2 + dU
2
U2
)
+ dx2µ, (9)
where x6 = (t, xµ), µ = 1, . . . , 5, and t =
√
Nlst˜. Introducing new coordinates and keeping φ and
xµ unchanged,
t˜+ ψ = u, t˜− ψ = 2 v
Nl2s
, U =
√
Nls
l3p
exp(y/
√
Nls), θ =
x√
Nls
. (10)
By taking the large-N limit and keeping the rescaled coordinates fixed, [16]
ds2str = −2dudv −
x2i
4
du2 + dx2i + dx
2
A, (11)
Bij = uǫij, (12)
where xA = (y, xµ) and dx
2
i = dx
2 + x2dφ2. This is the Nappi-Witten background [13] with
time-dependent B-field. The gauge transformation
Bµν → Bµν + ∂µλν − ∂νλµ (13)
with λi =
1
2uǫijz
j takes the B-field to
Biu = −1
2
ǫijx
j . (14)
5We can relate the light-cone energy and momentum to the original energies and momenta as
measured in the linear dilaton metric [16]. Recalling that ∂t =
1√
Nls
∂t˜,
2p− = −i ∂
∂u
= −i
(
∂
∂t˜
+
∂
∂ψ
)
= E˜ − J =
√
NlsE − J,
2p+ = −i ∂
∂v
= − i
Nl2s
(
∂
∂t˜
− ∂
∂ψ
)
=
E˜ + J
Nl2s
=
√
NlsE + J
Nl2s
. (15)
We will study string theory in the N →∞ limit, with E ∼ √N , J ∼ N , while keeping √NlsE−J
finite.
III. σ-MODEL AND SPECTRUM
In this section we apply light-cone quantisation to the NSR string in the Nappi-Witten back-
ground. The worldsheet fields in the light-cone gauge are as follows. The bosonic fields are xi with
i = 1, 2, xA with A = 1...6, u and v. The corresponding fermionic fields, which are real Majorana
worldsheet spinors, are ψi, ψA, ψu and ψv. We use the conventions ρσ =
(
0 i
i 0
)
, ρτ =
(
0 −i
i 0
)
,
ρ3 = ρσρτ , ηττ = −ησσ = −1, ǫτσ = +1, and ψ¯ = ψ†ρτ , with the components of a spinor labeled
as ψ =
(ψ−
ψ+
)
.
We begin with the NSR action in a curved background [21, 22],
2πα′S =
∫
d2σ
√
g
[
− 1
2
gαβ∂αx
µ∂βx
νGµν +
i
2
ψ¯µραDαψ
νGµν
− 1
12
Rµνρσψ¯
µψνψ¯ρψσ +
k
8π
1√
g
ǫαβ∂αx
µ∂βx
νbµν
− ik
16π
ψ¯µραρ3ψ
ν∂αx
λTµνλ
]
, (16)
where T = dB is the field-strength for B, and D denotes the covariant derivative defined by
Dαψ
µ = ∂αψ
µ + Γµσλ∂αx
σψλ. (17)
This action is worldsheet-supersymmetric for arbitrary k and arbitrary background. The existence
of spacetime supersymmetry of course depends on the background, as well as the value of the
parameter k. We will find in the Nappi-Witten background considered next that we must have
k = 4π to produce a supersymmetric spectrum.
The original Nappi-Witten background [13] is specified by the metric
ds2 = Gµνdx
µdxν = dxA
2
+ dxi
2 − 2dudv + (b− xi2
4
)
du2 (18)
6and the B-field
Biu = −1
2
ǫijx
j . (19)
In the above metric, we shall be interested in the case b = 0; it does no harm to consider b 6= 0 for
now, and in fact the b-dependence will turn out to be inconsequential, merely adding a constant
term to the Hamiltonian. Substituting this background, the action (16) becomes1
2πα′S =
∫
d2σ
√
g
[
− 1
2
gαβ∂αx
i,A∂βx
i,A + gαβ∂αu∂αv − 1
2
gαβ
(
b− x
i2
4
)
∂αu∂βu
+
i
2
ψ¯i,Aρ · ∂ψi,A + i
2
xi
4
ψ¯iρ · ∂uψu − i
2
ψ¯uρ · ∂ψv
− i
2
xi
4
ψ¯uρ · ∂uψi − i
2
xi
4
ψ¯uρ · ∂xiψu − i
2
ψ¯vρ · ∂ψu
− i
2
(
b− x
i2
4
)
ψ¯uρ · ∂ψu − 1√
g
k
8π
ǫαβ∂αx
i∂βuǫijx
j
− ik
16π
ǫij
(
ψ¯iραρ3ψ
j∂αu+ ψ¯
jραρ3ψ
u∂αx
i + ψ¯uραρ3ψ
i∂αx
j
)]
. (20)
Varying this action with respect to ψ¯v and v leads to the equations of motion
ρ · ∂ψu = 0 and ∂2u = 0 (21)
so, as in [23] (pg.211) we may choose the light-cone gauge
ψu = 0 , u = u0 + p
+τ, (22)
where we have now made the choice ls = 1. Imposing this gauge, and also gαβ = ηαβ , we obtain
the light-cone gauge action
πSLCG =
∫
d2σ
[
− 1
2
ηαβ∂αx
i,A∂βx
i,A − p+∂τv + 1
2
(
b− x
i2
4
)
p+
2
+
i
2
ψ¯i,Aρ · ∂ψi,A + k
8π
p+∂σx
iǫijx
j − ik
16π
p+ǫijψ¯iρ
τρ3ψ
j
]
. (23)
This action may be transformed to a massless form when the constant k is chosen to be 4π. We
remark further on this point in section V.
The canonical momenta conjugate to the x and ψ fields are
πi,A =
1
π
∂τx
i,A , ξi,A = − i
2π
ψ¯i,Aρτ . (24)
1 We use the index notation xi,A to indicate that the summation is to be taken over values of both i and A.
7The field u is gauged away, while the term p+∂τv may be dropped as it is a total time-derivative.
The Hamiltonian is thus
p+H = − i
2
ψ¯i,Aρσ∂σψ
i,A +
1
2
(∂τx
i,A)2 +
1
2
(∂σx
i,A)2
−kp
+
8π
(
∂σx
iǫijx
j − i
2
ǫijψ¯
iρτρ3ψ
j
)
− p
+2
2
(
b− x
i2
4
)
. (25)
Varying the light-cone-gauge action (23) to obtain the equations of motion,
δxA → ∂2xA = 0, (26)
δxi → (∂2 − p+2
4
)
xi =
k
4π
p+ǫij∂σx
j, (27)
δψ¯A → ρ · ∂ψA = 0, (28)
δψ¯i → ρ · ∂ψi = k
4π
p+ǫijρ
τρ3ψ
j . (29)
The equations of motion for the i-labeled coordinates may be decoupled by defining x± = x1± ix2
and ψ± = ψ1 ± iψ2, giving
(
∂2 − p
+2
4
)
x± = ∓ikp
+
4π
∂σx
± (30)
and
ρ · ∂ψ± = ∓ikp
+
8π
ρτρ3ψ
±. (31)
Expanding in modes, we find that the frequencies for bosons and fermions match only when k = 4π.
Adopting this choice, we have
xA = xA0 + p
Aτ +
i
2
∑
n>0
(
1√
n
aAn e
−in(τ−σ) − 1√
n
aAn
†
ein(τ−σ)
+
1√
n
a˜An e
−in(τ+σ) − 1√
n
a˜An
†ein(τ+σ)
)
(32)
with xA0 = x
A
0
†
and pA = pA
†
, and
x+ = x−† =
√
2
p+
a+0
†
ei
p+
2
τ +
√
2
p+
a−0 e
−i p+
2
τ
+ ei
p+
2
τ
∑
n>0
(
a+n
†√
n+ p
+
2
ein(σ+τ) +
a−n√
n− p+2
e−in(σ+τ)
)
+ e−i
p+
2
τ
∑
n>0
(
a˜−n√
n+ p
+
2
ein(σ−τ) +
a˜+n
†√
n− p+2
e−in(σ−τ)
)
. (33)
8In the fermionic sector, we have
ψA− = d
A
0 +
∑
r>0
(
dAr e
−ir(τ−σ) + dAr
†
eir(τ−σ)
)
(34)
ψA+ = d˜
A
0 +
∑
r>0
(
d˜Ar e
−ir(τ+σ) + d˜Ar
†eir(τ+σ)
)
(35)
and
e±i
p+
2
τψ±− = d
±
0 +
1√
2
∑
r>0
(
d±r e
−ir(τ−σ) + d∓r
†
eir(τ−σ)
)
(36)
e∓i
p+
2
τψ±+ = d˜
±
0 +
1√
2
∑
r>0
(
d˜±r e
−ir(τ+σ) + d˜∓r
†eir(τ+σ)
)
, (37)
where dA0 = d
A
0
†
and d˜A0 = d˜
A
0
†. The summation in the fermionic sector may be over either integer or
half-integer values of r, corresponding to the Ramond and Neveu-Schwarz sectors; for half-integer
values, the zero modes are to be omitted.
We impose canonical quantisation relations
[
xi,A(σ, τ), πi
′ ,A′(σ′, τ)
]
=
{
ψi,A± (σ, τ), ξ
i′,A′
± (σ
′, τ)
}
= iδ(σ − σ′)δi,A i′,A′ , (38)
which in terms of oscillators become:
[xA0 , p
B ] = δAB
[aAn , a
B
m
†
] = [a˜An , a˜
B
m
†] = δnmδAB {dAr , dBs †} = {d˜Ar , d˜Bs †} = δrsδAB
[a±n , a±m
†
] = [a˜±n , a˜±m†] = δnm {d±r , d±s †} = {d˜±r , d˜±s †} = δrs
(39)
The mode expansions and commutation relations for the bosonic fields agree with those found in
[18] for the case of the bosonic string.
The Hamiltonian may now be written
p+H =
pA
2
2
+−bp
+2
2
+
p+
2
(a+0
†
a+0 + a
−
0
†
a−0 )−
p+
2
(d+0
†
d+0 + d˜
+
0
†d˜+0 )
+
∑
n>0
n(aAn
†
aAn + a˜
A
n
†a˜An ) +
∑
r>0
r(dAr
†
dAr + d˜
A
r
†d˜Ar )
+
∑
n>0
(
n+
p+
2
)
(a+n
†
a+n + a˜
−
n
†a˜−n ) +
∑
n>0
(
n− p
+
2
)
(a˜+n
†a˜+n + a
−
n
†
a−n )
+
∑
n>0
(
n+
p+
2
)
(d+r
†
d+r + d˜
−
r
†d˜−r ) +
∑
n>0
(
n− p
+
2
)
(d−r
†
d−r + d˜
+
r
†d˜+r ), (40)
where r = n or r = n + 1/2 for the Ramond or Neveu-Schwarz sectors, respectively. As dictated
by supersymmetry, both the zero point energies and divergent terms cancel among bosonic and
fermionic sectors.
9Defining bosonic and fermionic number operators Nn = a
†
nan + a˜
†
na˜n and Nr = d
†
rdr + d˜
†
rd˜r, we
have as our final expression (setting pA = 0)
H =
1
p+
∑
n≥0
(
6∑
A=1
n(NAn +N
A
r ) + (n+
p+
2
)(N+n +N
+
r ) + (n−
p+
2
)(N−n +N
−
r )
)
, (41)
where the same convention is used for the index r as in the previous expression. Supersymmetry is
clearly evident in this expression; this is significant in that it demonstrates that the corresponding
states of the dual LST must also fall into supersymmetric multiplets.
Writing this in terms of the original energy and momentum with eqn.(15) we can relate the
energy to the angular momentum. Defining J˜ = J/
√
N we have
(
E − N¯√
N
)2
=
(
J˜ +
N¯√
N
)2
+ 2
∑
n
n
[ 6∑
A=1
(NAn +N
A
r ) +N
+
n +N
+
r +N
−
n +N
−
r
]
(42)
where
N¯ ≡ 1
4
∑
n
(N+n +N
+
r −N−n −N−r ). (43)
We emphasize here that N¯ does not depend in the A-indexed modes. We see from this expres-
sion that states for which N¯ = 0 will exhibit the standard relation between energy and angular
momentum, while states with N¯ 6= 0 shift E and J , ‘trading’ one for the other at order 1/√N .
In the following section we shall compare this result with the relation obtained via semi-classical
analysis of a rotating once-folded string [19].
IV. SEMI-CLASSICAL ANALYSIS
The semi-classical method allows for more general computations than those done in the pp-wave
limit [24]. In AdS5 × S5, the semi-classical method has been used to first order, with a point-like
string boosted in an S5 direction, to reproduce the result obtained via a pp-wave computation such
as in the previous section [19, 25].
Here, following this example, we apply the semi-classical method to the case of the NS5-brane
and compare with our pp-wave results.
We start with the linear dilaton metric
ds2str = −dt2 + dx25 +
Nl2s
U2
(
dU2 + U2dΩ23
)
= Nl2s
(
−dt˜2 + dU
2
U2
+ dΩ23
)
+ dρ2 + ρ2dΩ24 (44)
10
where t =
√
Nlst˜ and
dΩ23 = cos
2 θdψ2 + dθ2 + sin2 θdφ2 (45)
dΩ24 = dβ
2
1 + cos
2 β1
(
dβ22 + cos
2 β2
(
dβ23 + cos
2 β3dβ
2
4
))
. (46)
Using the bosonic string action
S = − 1
4πα′
∫
dσdτGµν
(
∂σx
µ∂σx
ν − ∂τxµ∂τxν
)
, (47)
with the above metric, the equation of motion may be obtained; to find a classical solution, we
make the ansatz
ρ = ρ (σ) , U = U (σ) ,
t˜ = κτ, β4 = ωτ, ψ = ντ,
θ = φ = β1,2,3 = 0, (48)
which describes a string stretching along the directions ρ and U , rotating around the φ and ϕ
directions. The action (47) becomes
S = − 1
4πα′
∫
dσdτ
[
N(κ2 − ν2) + ρ′2 − ω2ρ2 +NU
′2
U2
]
, (49)
and the resulting equations for ρ and U are
ρ′′ + ω2ρ = 0, (50)
U ′′ − U
′2
U
= 0, (51)
with the constraint
T++ = T−− = −Nκ2 + ρ′2 + ω2ρ2 +NU
′2
U2
+Nν2 = 0. (52)
The solution is
ρ′2 = N(κ2 − ν2) cos2 θ0 − ω2ρ2 (53)
U ′2 = (κ2 − ν2)U2 sin2 θ0 (54)
where θ0 is an integration constant.
We consider the once-folded string configuration, with the string split into four segments; for
0 < σ < π/2, the function ρ (σ) increases from 0 to its maximal value ρ0. Then,
ρ′
(π
2
)
= 0 ⇒ ρ0 =
√
N(κ2 − ν2) cos2 θ0
ω
. (55)
11
Calculating the energy and angular momentum,
E˜ = −Pt˜ =
1
4πα′
∫ 2pi
0
dσ2Nκ =
Nκ
α′
, (56)
S = Pβ4 =
1
4πα′
∫ 2pi
0
dσ2ωρ2
=
4ω
πα′
∫ ρ0
0
ρ2dρ√
N(κ2 − ν2) cos2 θ0 − ω2ρ2
=
N(κ2 − ν2) cos2 θ0
2α′ω2
, (57)
J = Pψ =
1
4πα′
∫ 2pi
0
dσ2Nν =
Nν
α′
. (58)
The relationship between E, S and J is thus
E2 =
E˜2
N
=
J2
N
+
2ω2
α′ cos2 θ0
S. (59)
Imposing the periodicity condition
2π = 4
∫ ρ0
0
dρ√
N(κ2 − ν2) cos2 θ0 − ω2ρ2
=
2π
ω
, (60)
we find ω = 1. Thus we obtain
E2 = J˜2 +
2
α′ cos2 θ0
S. (61)
In the case θ0 = 0 this expression for the energy of the string undergoing the motion described
above is the same as in the case of a flat background [19].
Identifying the order n = 1 oscillator state with the spin S, as explained in ref. [19], we may
apply our BMN formula (42) (in the bosonic sector) to obtain (reinstating α′)(
E − N¯1√
N
)2
=
(
J˜ +
N¯1√
N
)2
+
2
α′
S (62)
where N¯1 refers to the n = 1 contribution to N¯ . In the large-N limit this coincides with the relation
(61). The reader is also referred to [26, 27]. We conclude that the string theory in the pp-wave
limit of the NS5-brane background is dual to a sector of LST which has states in correspondence
to states of this free worldsheet theory.
V. DISCUSSION
In the Penrose limit, we are considering energy of order
√
Nls in the sector with J ∼ N . In the
AdS5 × S5 case, the pp-wave light-cone worldsheet action contains a ‘mass term’. The mass term
x2/2 makes it different from string theory in flat space-time. In the present case of an NS5-brane,
the action (23) contains both a mass term and antisymmetric B-field. These two terms can be
12
removed from our action by the following field redefinition with the choice k = 4π, which also is
the choice which ensures space-time supersymmetry. We redefine
Z = eiσp
+/2
(
x1 + ix2
)
, (63)
Φ+ = eiσp
+/2
(
ψ1 + iψ2
)
, (64)
Φ− = e−iσp
+/2
(
ψ1 − iψ2) ; (65)
the action becomes
S =
1
2πα′
∫
d2σ
√
g
{
−1
2
gαβ
(
∂αx
A∂βx
A + ∂αZ∂βZ¯ − 2δατp+∂βv
)
+
i
2
ψ¯Aρα
(
∂αψ
A
)
+
i
2
[
1
2
Φ¯+ρα
(
∂αΦ
+
)
+
1
2
Φ¯−ρα
(
∂αΦ
−)]} , (66)
with the boundary conditions
xA (σ + 2π) = xA (σ) , A = 1, . . . , 6, (67)
Z (σ + 2π) = eipip
+
Z (σ) , (68)
Φ+ (σ + 2π) = ±eipip+Φ+ (σ) , (69)
Φ− (σ + 2π) = ±e−ipip+Φ− (σ) . (70)
We end up with a free worldsheet theory very similar to that of NSR strings in flat spacetime. The
difference in this case is that two of the fields have twisted boundary conditions. This is, of course,
what we found in the direct calculation of previous sections.
Acknowledgements
The authors wish to thank R. Rashkov for useful comments. This work was supported in part
by a grant from the Natural Sciences and Engineering Research Council of Canada. R. P. is grateful
to the Department of Physics at Simon Fraser University for kind hospitality.
[1] T. Harmark and N.A. Obers, Hagedorn Behavior of Little String Theories, hep-th/0010169.
[2] Andrei Losev, Gregory Moore and Samson L. Shatashvili, M&m’s, Nucl.Phys. B522 (1998) 105-124,
hep-th/9707250.
[3] Nathan Seiberg, Matrix Description of M-theory on T 5 and T 5/Z2, Phys.Lett. B408 (1997) 98-104,
hep-th/9705221.
13
[4] A. Giveon and D. Kutasov, Little String Theory in a Double Scaling Limit, JHEP 9910 (1999) 034,
hep-th/9909110.
[5] Philip A. DeBoer and Moshe Rozali, Thermal Correlators in Little String Theory, hep-th/0301059.
[6] Ofer Aharony, A brief review of “little string theories”, Class.Quant.Grav. 17 (2000) 929-938,
hep-th/9911147.
[7] D.V.Antonov, String Representation of the Abelian Higgs Model with an Axionic Interaction, Phys.Lett.
B434 (1998) 48-53, hep-th/9804042.
[8] Shiraz Minwalla and Nathan Seiberg, Comments on the IIA NS5-brane, JHEP 9906 (1999) 007,
hep-th/9904142.
[9] Ofer Aharony, Micha Berkooz, Linear Dilatons, NS5-branes and Holography, JHEP 9810 (1998) 004,
hep-th/9808149.
[10] David Berenstein, Juan Maldacena and Horatiu Nastase, Strings in flat space and pp waves from N = 4
Super Yang Mills, JHEP 0204 (2002) 013, hep-th/0202021.
[11] Jaume Gomis and Hirosi Ooguri, Penrose Limit of N=1 Gauge Theories, Nucl.Phys. B635 (2002)
106-126, hep-th/0202157.
[12] J.G. Russo and A.A. Tseytlin, On solvable models of type IIB superstring in NS-NS and R-R plane
wave, JHEP 0204 (2002) 021, hep-th/0202179.
[13] C. R. Nappi and E. Witten, A WZW model based on a non-semi-simple group, Phys.Rev.Lett. 71 (1993)
3751-3753, hep-th/9310112.
[14] Sonia Stanciu and Arkady Tseytlin, D-branes in curved spacetime: Nappi-Witten background, JHEP
9806 (1998) 010, hep-th/9805006.
[15] JM Figueroa-O’Farrill and S Stanciu, More D-branes in the Nappi-Witten background, JHEP 0001
(2000) 024, hep-th/9909164.
[16] Veronika E. Hubeny, Mukund Rangamani and Erik Verlinde, Penrose Limits and Non-local theories,
JHEP 0210 (2002) 020, hep-th/0205258.
[17] Sonia Stanciu and Jose´ Figueroa-O’Farrill, Penrose limits of Lie Branes and a Nappi–Witten
braneworld, hep-th/0303212.
[18] P. Forga´cs, P.A. Horva´thy, Z. Horva´th and L. Palla, The Nappi-Witten string in the light-cone gauge,
Heavy Ion Phys. 1 (1995) 65-83, hep-th/9503222.
[19] S. Frolov and A.A. Tseytlin, Semiclassical quantization of rotating superstring in AdS5 × S5, JHEP
0206 (2002) 007, hep-th/0204226.
[20] Nissan Itzhaki, Juan M. Maldacena, Jacob Sonnenschein and Shimon Yankielowicz, Supergravity
and The Large N Limit of Theories With Sixteen Supercharges, Phys.Rev. D58 (1998) 046004,
hep-th/9802042.
[21] E. Bergshoeff, S. Randjbar-Daemi, A. Salam, H. Sarmadi and E. Sezgin, Locally Supersymmetric σ-
model with Wess-Zumino Term in Two Dimensions and Critical Dimensions for Strings, Nucl. Phys.
B269 (1986) 77.
14
[22] Friedemann Brandt, Alexander Kling and Maximilian Kreuzer, Actions and symmetries of NSR super-
strings and D-strings, Phys.Lett. B494 (2000) 155-160, hep-th/0006152.
[23] M. Green, J. Schwarz and E. Witten, Superstring Theory.
[24] S. S. Gubser, I. R. Klebanov and A. M. Polyakov, A semi-classical limit of the gauge/string correspon-
dence, Nucl.Phys. B636 (2002) 99-114, hep-th/0204051.
[25] A.A. Tseytlin, Semiclassical quantization of superstrings: AdS5 × S5 and beyond, Int. J. Mod. Phys.
A18 (2003) 981-1006, hep-th/0209116.
[26] Mohsen Alishahiha and Amir E. Mosaffa, Semiclassical String Solutions on deformed NS5-brane Back-
grounds and New Plane Wave, hep-th/0302005.
[27] M. Alishahiha, On Type II NS5-branes in the presence of an RR field, hep-th/0002198.
